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Abstract 
With the development of clinical diagnostic techniques to investigate the coronary circulation in conscious humans, the 
identification of the correct blood replacement fluid in physical models is of major importance in research. The aim of this 
study was to identify a blood analogous and ultimately a physical model that is able to mimic the coronary circulation in 
such a way that coronary pressure and flow signals are approximated as realistically as possible. This model is being 
proposed so that many issues that cannot be understood from real life coronary arteries can be understood from this 20 
times bigger physical model. The physical properties of blood exert a major influence over blood flow patterns. A 
technique has been developed in the primary stage to see what fluid can be used as a blood analogue in a model, which 
resembles a human coronary artery in a bigger scale. 
The Reynold’s number, Womerseley parameter, density, viscosity and diameter have been main parameters in the 
experiment conducted. The fluid obtained closely resembles blood in many aspects and lets the achievement of the heart 
rate of 1bpm and a flow-rate of 10 l/min, which is desired in the model. 
The physical model should be made of latex, with a cross-sectional diameter of 6 cm with 72% glycerol solution as blood 
analogue should be used to achieve desired results. The density and viscosity of the blood analogue was found to be 
approximately 1.19 g/cm³ and 0.27cP. The flow rate of the pump was set at 1 bpm because we wanted a heart-rate of 
1bpm.  
For further discussions experimental set-ups have been put forward, not only at a section of coronary artery but also at 
bifurcations. Eventually this model can be used to see effect of stents on blood flow at bifurcations.  
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1. Introduction 
UK death rates from coronary heart disease are among the highest in the world. This is because the UK has 
high levels of standard risk factors and a low level of intervention on those risk factors. The most important 
modifiable cardiovascular risk factors are dyslipidaemia (particularly high LDL cholesterol and low HDL 
cholesterol), smoking, hypertension, glucose intolerance, and central obesity (N Poulter 2003). There is 
increasing evidence that arterial stenotic plaque may rupture under physiologic conditions resulting in 
myocardial infarction, and cerebral stroke (Burke et al 1999). The anatomic and physiologic characteristics of 
ruptured plaques are ways to identify and predict which lesions are prone to rupture, and measures aimed at 
reversal of this pathological process are being explored by many investigators. Many investigators have 
conducted considerable research of flow behaviour in stenotic arteries and significant results have been found. 
The identification of the factors that affect the homodynamic behavior of a particular section of the arterial 
system has been a quest for physicists and clinicians for many years now. A large body of knowledge has 
been accumulated on this subject from both clinical measurements and in vitro studies. In vitro studies have 
generally used flow phantoms and attempted to reproduce the flow and pressure characteristics of a segment 
of the arterial system under tightly constrained conditions. Few have attempted to produce a predictive model 
of a significant component of the arterial system. The project done involved building real flow models of the 
coronary artery, based on real images from patient X-rays. It can also be used to examine the effect of stenting 
(wire supports used to open a diseased artery) strategies at bifurcation. It was expected that a rapid 
prototyping technique would be used to produce a range of models suitable to pump fluid around and study 
the flow characteristics in an important artery like the coronary artery. The overall goal was structure. 
2. Stents 
Coronary stents are small usually metallic scaffolds routinely implanted during angioplasty procedures to 
re-open coronary arteries, which have become seriously narrowed or blocked by an atherosclerotic plaque. 
Coronary angioplasty is a minimally invasive surgical procedure in which a guide wire and catheter is inserted, 
usually via the femoral artery, enabling the use of small surgical tools at the blockage site. In early procedures, 
the vessel was re-opened by inflating the balloon at the lesion site, without implanting a stent. It was then 
found that the result could be improved by deploying a stent, which reduced the rates of restenosis (re-
narrowing) observed following balloon angioplasty. Restenosis is caused by an inflammatory response to 
injury sustained during the original procedure. It is a process, which occurs over time, being detected months 
or years after surgery. The use of a new generation of drug-eluting stents to suppress inflammation has further 
reduced the incidence of restenosis reported in clinical trials. It has also been reported that drug-eluting stents 
make it easier to treat complex lesions such as bifurcations, narrowing of small vessels and total chronic 
occlusions. Further evaluation of the long-term efficacy of drug-eluting stents is ongoing. Despite the initial 
success of drug-eluting stents, it should be remembered that the trigger for restenosis is injury to the vessel 
wall during surgery. Stent implantation is a mechanical intervention and the engineering aspects of the 
procedure still need to be considered. For example, incomplete expansion has been suggested as contributing 
to thrombosis problems in bare metal and drug-eluting stents. 
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3. Coronary artery modeling 
Over the last 30 years there has been a large body of work on physical models of the arterial system 
(Richard D Walker et al 1999). Models have been used in a diverse range of applications like verification of 
mathematical theories of blood flow. Latex vessels with customized compliance for use in arterial flow 
models have also been done so arterial flow modeling of the femoral artery has been done previously. There 
have also been successful predictive tools for studying just sections of arteries. However almost no work has 
been done to physically model a section of coronary artery using blood parameters, and this is considered 
important as these parameters are very important in flow being modeled in an artery and also have effect on 
flow properties at bifurcations when stents are input. In this paper physical modeling of coronary artery 
circulation have been done using a few equations.  
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Reynolds number and Womersley number are the only two physical parameters necessary to solve an 
incompressible fluid flow problem. When Reynolds Number is large, it shows that the flow is dominated by 
convective inertial effects. When Reynolds Number is small, it shows that the flow is dominated by shear 
effects. When Womersley Number is large (around 10 or greater), it shows that the flow is dominated by 
oscillatory inertial forces and that the velocity profile is flat. When the Womersley parameter is low, viscous 
forces tend to dominate the flow, velocity profiles are parabolic in shape, and the center-line velocity 
oscillates in phase with the driving pressure gradient (Ku David, 1969). In the equations above r  is the radius, 
α is the Womersley parameter, ω is the angular frequency,  V is the mean velocity of the object relative to the 
fluid (SI units: m/s), d  is a characteristic linear dimension, (travelled length of the fluid; hydraulic diameter 
when dealing with blood flow systems) (m), μ is the dynamic viscosity of the fluid (Pa·s or N·s/m² or 
kg/(m·s)), v  is the kinematic viscosity  (m²/s), ρ  is the density of the fluid (kg/m³) 
4. Materials and Method 
Table 1. Modelling Parameters 
Coronary artery 
Scaled Model (20 times bigger than coronary artery) 
Flow Q= 80 ml/min 
 Flow=? 
Diameter= 3mm or 3/10 cm Diameter= 6 cm 
Density of blood= 1.05 g/cm³ Density of blood analogue=? 
Viscosity of blood: 4cP Viscosity of blood analogue=? 
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4.1. Calculation of Reynold’s number and Womersley parameter (equal in both coronary artery and scaled 
model) 
First of all for the scaled model a suitable Reynold’s number and Womersley parameter were calculated. 
The Reynold’s number and the Womersley parameter in the scaled model should have had to be equal to the 
Reynold’s number and Womersley parameter in the coronary artery. So with known dimensions of the 
coronary artery the Reynold’s number and Womersley parameter were calculated as 148.12 and 2.08 
respectively. After Re and  were found, water was considered as the fluid to be taken for the scaled model. 
So as considering that the scaled model was 20 times bigger than the original coronary artery the flow rate as 
well as the heart rate was calculated in the scaled model. 
4.2. First step: flow-rate and heart-rate in scaled model using water 
The flow-rate and heart-rate in the scaled model using water came out to 0.9799 cm³/s and 0.046 bpm 
respectively. The values are extremely small, as heart-rate of around 1bpm was desired. So for finding the 
desired heart-rate it was thought values of heart-rate against density, viscosity and diameter would be found 
each time keeping two of these constant and varying one of them. Then from a graph (if possible) the heart 
rate of around 1bpm could be obtained. Kinematic viscosity  of 0.217 cm²/s is really not very useful in the 
case of this experiment. Then to think of which fluid could be used to model blood a website 
(http://www.engineersedge.com/fluid_flow/fluid_data.htm) with common fluids was found. Then the density 
and viscosity of these fluids were found in CGS units. Then three graphs of heart-rate against density, 
viscosity and radius were plotted with a range of different values from different fluids. Gaseous fluids were 
not considered from the beginning because gas is compressible and with pressure, the density of a gas changes. 
Therefore only the liquids were taken into consideration. Temperature of all the liquids was 20ºC. 
1stoke=1poise/density. Then three graphs were plotted: 
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Fig. 1. Graph of viscosity against frequency-log form    
Fig. 2. Graph of density against frequency-log form   
Fig. 3. Graph of radius against frequency-log form 
Viscosity has to be 0.2P for frequency to be 1bpm. Density has to be 0.046 g/cm³ for frequency to be 1bpm.  
A tube of radius 0.675 cm is required for frequency to be 1bpm if viscosity and density of water is 
considered. Therefore if radius is increased about 4.5 times then we could have used water as the blood 
replacement fluid for the model. But the problem was that there was no fluid with density 0.046 g/cm³ and 
viscosity 0.2 P and so it was thought that the frequency would be made to about 60 bpm, which would be 
1bps.  
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5. Results 
5.1. Bpm value with glycerol parameters-(bpm value for the scaled model) 
It was thought that glycerol would be a better option as after calculation; it was found 100% glycerol 
concentration gave 55bpm, which is very close to 60 bpm.  
Density of glycerol from the table =1.261 g/cm³. 
Viscosity of glycerol from the table= 14.91763 P. 
Radius was taken as 3 cm. 
 was as calculated before taken as 2.08. 
So with new values: = 
261.1
91763.14²)
3
08.2( ×
 =5.6868
s
rad                
π
ω
2
=f =
π2
2321.5 = 0.90508 bps  
Therefore frequency in bpm= 0.90508×60=54.30 bpm, which is approximately equal to 55bpm. 
With 100% glycerol the flow-rate was calculated and found as 523 l/min. But then it was thought as to 
bring the flow to around 10 l/min as it was hard to find a pump, which would pump 523 l/min.  
5.2. Heart-rate and Flow-rate for the scaled model 
So a range of glycerol concentrations was now taken into consideration to see which concentration would 
have a flow rate of 50 l/min. It was known that same fluid with different viscosity levels would have different 
flow-rate. So now to find our desired flow-rate (as in the flow-rate that can be obtained with the pump we had) 
the following values were obtained, we already had a chart of different glycerol concentrations. The Re, alpha, 
diameter and radius were constant as 148.12, 2.08, 6 cm and 3 cm as calculated in the very beginning. First 
bpm against glycerol concentrations was calculated, then the flow-rate with glycerol concentrations was 
calculated.           
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Fig. 4.  Graph of glycerol concentration against bpm-log form 
Flow rate chart
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Fig. 5. Graph of glycerol concentration against flow-rate-log form 
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5.3. Exact glycerol concentration which would serve as blood analogue 
After the glycerol solution for 50l/min flow-rate was found, it was seen that the range for glycerol which 
would pump 10 l/min was below 80% glycerol solution and above 50% glycerol solution. We had to find this 
flow-rate i.e. around 10l/min because we had a pump which could pump at this flow-rate. 
All the previous results were found using MS EXCEL. 
With the help of sigma-plot, a software program graphs showing corresponding Density, Viscosity, bpm and 
Flow-rate with Glycerol Concentration were obtained. The graphs showed that with increasing viscosity, the 
flow-rate increases 
So at 72% glycerol concentration the flow-rate was obtained to be about 10l/min which our pump has. 
 
5.4. Bpm with varying velocities 
bpm chart with varying velocity
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Fig. 6. Pressure Drop for the Scaled Model 
One of our main aims was to find the pressure drop across the tube which was eventually found using the 
Poiseulle’s equation:  
22P rQ
8 L
π
μ
Δ × ×
=   Therefore Δ P=27.77 dyn/cm² or 0.02 mm 
Hg, this is an extremely small value and can be measured with pressure transducers as shown below in the 
next part in the experimental arrangement 
As we know the values of: 
Q=9.672 l/min 
=0.274 P 
L=20 cm 
r=3 cm 
Also the velocity using 72% glycerol solution is 5.70 cm/s 
The heart-rate is 1.06 bpm. 
All the final values obtained show that a suitable model can be made with these parameters. 
Final parameters for scaled model  
Blood analogue 72% glycerol solution  
Density of blood analogue 1.189666517 g/cm³
Viscosity of blood analogue 0.274554 cP
Diameter of latex tube 6 cm
Diameter of connecting silicone tubes from pump to latex tube 15mm
Flow-rate of pump approx. 10 l/min
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5.5. Experimental Apparatus 
The experimental set-up should be as shown below: 
 
Fig. 7. Model 
 
Fig. 8. With the pressure drop and pulse wave velocity results further development of the proposed model could be done with this 
experimental set-up 
The model was designed using a lumped parameter approach. The coronary artery circulation was considered 
to be comprised of a flow source (the heart), segment of flow (the coronary artery) and a source impedance 
(the systemic circulation).The pump was considered as the driving source. It was known to have a steady-flow 
output of 10L/min.  This pump was known to produce flow using pistons in chambers arranged in series, and 
was driven by an electric motor. It was thought that rubber hoses could be used for damping when there were 
pressure fluctuations. The valve was there so that there was a smooth flow around the whole circulation. The 
model heart rate should have been set at 1 bpm. The open topped huge water tank would have been the 
container for the fluid, which would have been used for the flow. It was thought to be open-topped so that it 
never got fully filled and the flow was continuous in the circulation. The coronary artery segment was thought 
to be a 6 cm diameter and 20 cm long latex tube. Wall thickness was 0.7 mm. The connecting tubes were all 
thought to be silicone tubes of diameter 15mm, easier to take, as the tubes coming out of the pump were 
15mm. It was thought that o-rings could be used to stick the 15mm diameter tubes to the 60 mm diameter 
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plastic plate similar to the way as shown in the diagrams below. The blood analogue was considered to be 
72% glycerol concentration as by calculations it was seen that the behaviour of this fluid helped us achieve 
what we really wanted. This fluid had a viscosity of 0.274554 P and density of 1.18966 g/cm³. It also helped 
us achieve a heart-rate of 1.06 bpm and a flow-rate of 9.67 l/min. To find the pressure drop it was thought that 
the pressure transducers could be input. Also these could be used for pulse wave velocity measurements. This 
could be done by applying a short pressure pulse at one end of the latex tube by striking the silicone tube at 
one side of the latex tube with a steel rod. This would have resulted in a small pressure pulse to be being 
propagated along the latex tube. The time delay between the pressure pulses recorded at P1 and P2 could be 
noted and te pulse wave velocity could be calculated. The following diagram shows the experimental set-up 
as to how the pump should be connected to the latex tube for further experiments. 
6. Discussion 
The experiment has looked into developing a physical model of the coronary artery circulation. This is 
required as in many cases artificial coronary arteries can be used as in operations to see blood flow 
characteristics in real life arteries. The blood replacement fluid which was found is widely available. This 
model when looked into widely in detail can be used in various ways, for example during operations. 
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